We study the modified Reissner Nordstrom metric in the unimodular gravity. So far the spherical symmetric Einstein field equation in unimodular gravity has been studied in the absence of any source. We consider static electric and magnetic charge as source. We solve for Maxwell equations in unimodular gravitational background. We show that in unimodular gravity the electromagnetic field strength tensor is modified. We also show that the solution in unimodular gravity differs from the usual R-N metric in Einstein gravity with some corrections. We further study the thermodynamical properties of the R-N black-hole solution in this theory.
Introduction
The unimodular gravity is an alternative theory for the cosmological constant. Initially it was introduced by Einstein [1] . It was further developed in the Ref. [2] . The concept of cosmological constant was introduced by Einstein to explain the static universe. However, the idea of static universe was discarded by Einstein after Hubble's experiment in year 1929. The cosmological constant was not paid attention till the year 1967 [3] [4] [5] when the loitering in the universe's expansion was observed and to support this a positive cosmological constant was considered. The great discovery in year 1998 [6, 7] , which confirmed that the universe is accelerating, gave the birth of many theories such as quintessence, K-essence, phantom field based model, Chaplygin gas model, cosmological constant based theories etc. to describe it. The unimodular gravity was rethought, since the cosmological constant is its inherent property which provides an explanation for the accelerating universe. In this theory, the determinant of metric is not dynamical and hence in Einstein-unimodular equation the cosmological constant is not present, however it appears naturally as an integration constant [8] . Since, the cosmological constant is not present in Einstein-unimodular equation, unimodular gravity may solve the fine tuning problem present in the cosmological constant.
One another beautiful feature of unimodular gravity is that it can explain the current acceleration of the universe by assuming single component [9, 10] such as either only cosmological constant, or only non-relativistic matter. In that proposal of Refs [9, 10] , the metric is first decomposed into a scalar field and unimodular metric, where the scalar field explain the universe dynamics and unimodular metric satisfies the unimodular constraint. The gravitational action is written in terms of unimodular metric and the scalar field. The full general covariance is then broken by introducing a parameter. The action is now invariant under only unimodular-general coordinate transformations. Considering this theory, with the new parameter, one may show that either only cosmological constant or only non-relativistic matter can give rise the acceleration in the universe. Considering this proposal, the inflation is also studied [11] . We point out that this proposal slightly differs from the standard unimodular theory of gravity where no such parameter is introduced. The perturbation analysis of standard unimodular gravity is studied in Refs. [12, 13] . The unimodular gravity is further generalized recently in Refs. [14] [15] [16] [17] [18] [19] [20] . Some progress and applications of unimodular theory have also been addressed in the Refs. [8, [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . In this paper, we consider the standard unimodular gravity.
On the other hand the R-N metric gives the geometry of space time around the non rotating charged black hole. R-N metric's solution is theoretically interesting and applicable for short time within which the black hole remains charged by some perturbations like gravitational collapse. In present work we give the details of derivation for modified R-N metric in the presence of unimodular gravity. The unimodular constraint is given by,
Here, in the metric g ′ µν , the components of metric are dynamical. However, these components satisfy the unimodular constraint (1) . The unimodular gravity is therefore falls in subclass of general relativity with reduced degree of freedom [8] . The standard form of Einstein's equation with cosmological constant is given by,
where R ′ and R ′ µν are Ricci scalar and Ricci tensor respectively. Now we apply the constraint √ −g ′ = 1, i.e., g ′ µν δg ′µν = 0 which eliminates all the terms those are proportional to g ′ µν . Thus, by taking the trace and eliminating those terms, we have,
This equation contains the information √ −g ′ = 1 and so called; unimodular gravity equation.
The paper is organized as follows. In Sec. (2), we derive the Einstein-unimodular equation considering the charge as a source. In Sec. (3), we solve for the Maxwell equation and in Sec. (4), Ricci tensor, Ricci scalar and energy-momentum-tensor are written in unimodular gravity and we further solve for the metric by writing all the components of Einstein's unimodular equations. Thermodynamics is studied in Sec. (5) . Finally we conclude in the last section.
Einstein's unimodular equation in the presence of radiation
We scale the metric such that the determinant of metric remains same as in the case of Minkowski space, i.e., after transformation in the cartesian coordinates the determinant is unity and it becomes r 2 sin(θ) in the spherical coordinates. Let us consider a metric g µν given as,
Therefore, the required scaling parameter is (A(r)B(r)) 1/4 and the scaled metric g ′ µν may written as
The condition (1) changes the definition of energy momentum tensor, since δ(−g ′ ) 1/2 = 0. For the standard Lagrangian for electromagnetic field,
the energy momentum tensor in unimodular gravity turns out to be
Including the action corresponding the electromagnetic field, the modified Einstein's unimodular equation can be written as
where, T is trace of the energy momentum tensor of radiation and R ′ µν is scaled Ricci tensor.
Maxwell Equations:
In this section, we solve for all the components of field strength tensor by using Maxwell's equations. The electric field strength tensor may be written as [31] 
and corresponding Maxwell's equation are given by,
and
where all covariant derivatives are denoted by ∇. Since we have not considered the current, the spatial part of equation (9) gives us
The evolution equation (11) implies that the function f (r, t) is time independent.
f (r, t) = f (r) (12) Using the equation (12) and applying Gauss's law from the time component of (9) we get
On the other hand the equation (10) gives the relation for the magnetic field of theoretical magnetic charge P without any modification.
4 Einstein-Unimodular Equation
In this section, we write Ricci scalar R ′ and Ricci tensor R ′ µν in terms of new unimodular metric g ′ µν .
The new Christoffel symbols Γ ′α µν are associated to the unimodular metric g ′ µν .
Curvature Scalar:
In the calculation of R ′ we use the new metric g ′ µν given by the Eq (5) . We may evaluate the Riemann curvature and Ricci tensors respectively by following relations:
where, Γ ′µ αβ is described in the Refs. [21, 23] in details. The components of Eq. (16) results
where A(r) and B(r) are defined by the line element in usual gravity:
From equation (17) to (20) we can write Ricci scalar R ′ as
which turns out to be
where R is defined as
which is computed with respect to the original metric g µν . The components of energy momentum tensor for radiation may be written as,
Substituting all the values of R ′ µν , R ′ and energy momentum tensor in Eq. (3), we obtain all the components (tt, rr, θθ) of equations as follows,
and φφ component gives same equations as θθ. Now multiplying A(r) B(r) in equation (27) and adding with (28) or multiplying A(r) r 2 in equation (29) and adding with (28) results,
Adding the equation (28) and multiplication of 3A(r) r 2 with equation (29) implies,
We get a relation between A(r) and B(r) from equation (30);
From equation (31) and (32) we have,
Here we have used the equations (13) and (14) for f (r) and g(r) respectively. The solution of differential equation of B(r) may be written as
where C 1 , C 2 and C 3 are constants. The expression for A(r) can be obtained from the equation (32) . Considering the constant C 2 very small from the Eq. (34) the value of B(r) can be expanded as
where we have expanded the term up to order of r −5 . The numerical constants C 3 , C 4 are related to the mass M and cosmological constant respectively. The cosmological constant term C 4 appears due to one of the feature of unimodular theory. However, the constant C 2 gives the additional corrections. The metric defined in Eq. (21) describes the RN black hole solution as in the special case; where C 2 = 0, C 3 = −16M and C 4 = 0 with (P 2 + Q 2 ) = 0. The constants C 2 = 0, C 3 = −16M , and C 4 = −24C with (P 2 +Q 2 ) = 0 deals RN black hole in the presence of cosmological constant. The constants C 2 = 0, C 3 = −16M , and C 4 = −24C with (P 2 + Q 2 ) = 0 gives the extra corrections due the non zero value of C 2 . For C 2 = 0, C 3 = −16M, (P 2 +Q 2 ) = 0 and C 4 = 0 , the metric reduces to Schawarschild black hole solution. In brief, we can describe three cases as follows; (1.) C 2 = 0, C 3 = −16M and C 4 = 0 with (P 2 + Q 2 ) = 0 (Standard RN black hole) (2.) C 2 = 0, C 3 = −16M , and C 4 = −24C with (P 2 + Q 2 ) = 0 (RN black hole in the presence of cosmological constant) (3.) C 2 = 0, C 3 = −16M , and C 4 = −24C with (P 2 + Q 2 ) = 0 (RN black hole in the presence of cosmological constant with the additional corrections).
The event horizon can be found by solving the equation, g rr = 0, i.e.,
The boundaries of the horizon for the cases (1), (2) and (3) are depicted in Fig. (1) . r is plotted. The subfigure (I) corresponds the case (1) with P = 0 as mentioned above. The subfigure (II) demonstrate the case (2) with Q = 0.9; P = 0 and subfigure (III) is for the case (3) with Q = 0.9; P = 0. The last subfigure (IV) gives a comparative plot for all three cases.
Thermodynamics
In this section, we will present the thermodynamical quantities in terms of horizon radius r + associated with the modified R-N black hole solution based on the general results in the previous section (4) . In this model, the modified R-N black hole solution (21) with metric components (32) and (35) is characterized by mass M , charge Q, cosmological constant term C and correction term C 2 . The mass of the modified RN black hole solution is determined by using A(r + ) = 0, and it turns out to be
(37) The variation of mass of R-N black hole in unimodular gravity with horizon radius r + is shown in figure (2) . Next, we calculate the thermodynamical quantities associated with the metric function (35). The Hawking temperature,
where, the surface gravity κ = −1/2∂/∂r ( √ g tt g rr ) and it is constant over the horizon. The
Hawking temperature for modified RN black hole solution is expressed as
The plots of temperature of the RN Black Hole for the cases (1), (2) and (3) are shown in figure  (3) . Finally, we analyze the thermodynamic stability of the system which is related to the sign Figure 3 : The temperature with horizon radius r + is plotted in subfigures (I), (II) and (III) respectively for the cases (1), (2) and (3). For the case (2) and case (3), Q = 0.9; P = 0. The last plot (IV) is a comparative plot. of the heat capacity (H). If the heat capacity is positive (H > 0), then the black hole is stable and if it is negative (H < 0), the black hole is said to be unstable. Here, the specific heat is given by
Substituting the value of M and T in equation (40), we obtain the specific heat,
where Figure 4 : The specific heat with horizon radius r + is plotted in subfigures (I), (II) and (III) respectively for the cases (1), (2) and (3). For the case (2) and case (3), Q = 0.9; P = 0. The last plot (IV) is a comparative plot.
It is clear from Eq. (41) that the heat capacity depends on the charge Q. When Q → 0, C → 0 and C 2 → 0, one gets C = −4πr 2 + which means the black holes are thermodynamically unstable. Next, we analyze the effect of cosmological constant on thermodynamical stability of black hole. We plot specific heat H in Fig. 4 for different values of the constants C for a fixed Q. It is seen that the heat capacity discontinuous at r = r C for each C and for a given Q. We observe that the heat capacity H > 0 (H < 0) for r + < r C (r + > r C ). Thus, the modified R-N black hole solution is thermodynamically stable for r + < r C , as the black hole has positive heat capacity and unstable for r + > r C depicted in Fig. (4) .
Conclusion:
We have solved for modified R-N metric for the non rotating charged black hole in unimodular gravity. In the calculation we have assumed that charge of black hole is static and so the effect of magnetic field due to electric charge has not been considered. We have found modification in the solution of R-N metric in the unimodular gravitational background. The correction is up to order of ∼ 1/r 5 to the leading order term corresponding to the charge of black-hole. Magnetic monopole has been also taken into the account. We have shown that the leading order solution is same as in R-N metric in usual gravity. We have also demonstrated that the components of electromagnetic field tensor get modified by factor A(r)B(r) which is not exactly unity in unimodular gravity as in the case of Schwarzschild solution. However the leading order of A(r)B(r) is unity. In the considered theory, the solution of metric defined in Eq. (21) depends mainly on the four parameter Mass M , charge Q, cosmological constant C 4 (or C) and the correction terms due to the constant C 2 which we assumed as very small. Both the corrections due to the constants C 2 and C 4 are the unimodular corrections and these are not present in standard general relativity. Considering all the features of unimodular gravity, we finally studied the thermodynamic properties of the solution. One of interesting phenomena that could occur in R-N black hole is anti-evaporation which explains about the primordial black hole. However, anti-evaporation at classical level needs a f (R)-gravity [32] or similar one; mimetic f (R) gravity [33] and it is also present in Nariai space time at quantum level [34] . The studied unimodular gravity gives the Schwarzchild de-Sitter space time if one sets C 2 = 0 with all charges zero. The metric solution with C 2 = 0 is same as what is studied in the Ref. [32] . However, in that Ref. [32] , authors considered f (R)-theory and obtained certain conditions to describe the anti-evaporation effect. By looking the solution of metric, one may expect to have anti-evaporation. However, this requires, in fact, the perturbation analysis to know the behavior of horizon radius, since the construction of unimodular gravity is different from standard Einstein gravity with cosmological constant. We hope to address these critical issues involving the charged black holes in unimodular theory of gravity in our future works.
